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Abstract 
Seismic events leading to catastrophic outcomes around the world, particularly in built-up 
regions surrounding fault lines, often have high death tolls and cause costly damages to societies’ 
existing infrastructure. To suppress damaging vibrations in multi-story buildings across a wide 
frequency spectrum, much research has been put into the study of variable-resonance tuned mass 
dampers, which maintain their usefulness across a range of frequencies, unlike passive 
alternatives. As a novel implementation of fast responsive magnetorheological materials to 
enable variable resonance, this paper presents a prototype magnetorheological-fluid-based 
pendulum tuned mass damper, integrating a differential gearbox to yield a damper-controlled 
transmission between the pendulum mass and a mechanical spring. The device is demonstrated 
to be highly effective, at its best reducing peak relative displacement by 12.8%, and peak 
acceleration by 22.0%, in contrast to comparable passive tuning modes in scale-building seismic 
experiments. This is owed to its controllable resonance which can be increased by 104% from its 
base value at 2.24 Hz. Further, other performance benefits are demonstrated in RMS structure 
displacement, and interstory drift ratio. 






Urban areas with high population density and large infrastructure nearby fault lines are at high 
risk of catastrophic failure where large structures and multi-story buildings are not well-protected 
against seismic activity. Techniques that may be used for such protection against ground-level 
disturbances include vibration isolation and vibration absorption. The approach of vibration 
isolation involves the mechanical decoupling of the structure from the input, i.e. the ground, to 
attenuate the input at its source [1]. A more common approach to suppress damaging vibrations 
in multi-story buildings, in-part due to these structures having long periods of vibration thereby 
making low-stiffness isolators impractical [2], is the implementation a vibration absorber or 
tuned mass damper (TMD) into the structure, which absorbs energy to attenuate the motion [3]. 
These systems primarily consist of a mass to absorb energy, along with mechanical or implicit 
stiffness and some form of damping to eventually dissipate the energy stored in the mass. 
With the description of what constitutes a tuned mass damper being quite general, it should come 
as no surprise that a variety of functional TMDs exist, with numerous prototypes having been 
proposed and many seeing implementation. Taiwan’s Taipei 101 skyscraper is one of the more 
well-known instances where a TMD has been implemented into a structure where a high level of 
seismic activity, in addition to strong winds, must be compensated for [4, 5], with this device 
being a pendulum-TMD (PTMD): a large oscillating mass supported by links or cables [3, 6]. 
Another variant of TMD is the tuned liquid column damper (TLCD), essentially a reservoir of 
water which can absorb vibrational energy and dissipate it through internal water motion [3]. A 
remaining sub-class of TMD which is the conventional sliding or shear-mode TMD, which 
primarily consists of a mass constrained to move in the direction of the motion to be attenuated 
[3, 7, 8]. 
Such devices, which may differ in their design and working mechanism, are by definition 
passively tuned to resonate at (typically) a single given frequency. With the dominant frequency 
of earthquakes varying over their span of occurrence and from case to case, however, such 
passive devices have limited effectiveness across the possible frequency spectrum of these events. 
This is further exacerbated in regions where both near-field and far-field seismic activity may 
occur, due to their unique characteristics and greater uncertainty in the dominant frequencies of 




variable resonance devices and control efforts to compensate for unpredictable seismic activity. 
This variable resonance can be achieved for TMDs through one of two ways: active control of 
force using actuators, or control of system mechanical properties (semi-active control). While 
active control typically yields somewhat greater performance than comparable semi-active 
systems, it tends to lack the robustness and predictable behaviour of the semi-active systems [11, 
12], which also tend to have lower operating costs due to lower energy requirements [11-13]. It 
is in this area of semi-active control that magnetorheological (MR) materials have seen effective 
use and implementation. 
Magnetorheological materials are a class of smart material which exhibit altered rheological 
properties under the application of a magnetic flux. Of the variants of these materials fabricated, 
the main two families that exist are MR-fluids (MRFs), and MR-elastomers (MREs). As a 
magnetic field is applied to either class of material, suspended micro-scale iron particles tend to 
align to the magnetic field lines, which in the case of MRFs results in increased viscosity and 
damping during flow, and for MREs this primarily causes an increase in stiffness [14, 15]. Given 
the ease of generating a magnetic field using an electromagnet, along with a rapid response rate 
in the order of milliseconds [14, 16], control of devices making use of these materials is 
exceptionally simple. Consequently, MR dampers have been studied for some time now in 
structural vibration control, among other uses, with reportedly reasonable success [17-20]. More 
recently however, due to the improved versatility offered by variable resonance, use of stiffness-
controllable MRE in TMD designs has increasingly been reported [7, 21-24]. Where MR fluid 
lacks the direct ability to provide variable stiffness and hence variable resonance, the fluid may 
have greater practicality and viability for use, given MR elastomer could potentially yield while 
in use, whereas MR fluid typically operates in a state of constant yield. With this in mind, 
variable stiffness has previously been achieved using MR dampers connected with mechanical 
springs, as recently reported in the linear shock absorbers presented by Sun et al. [25, 26]. 
Exploiting this concept for vibration absorption specifically, however, has seen limited 
implementation and testing. Enabled through an innovative stiffness variation mechanism with 
MRF materials, such variable resonance is one of the key aspects of the design presented in this 




Through the use of a rotary MR damper coupled with a differential gearbox, the MR-PTMD 
couples an additional torsional spring to the pendulum mass through a variable transmission. 
This allows effective and simple control of TMD resonance through the control of electric 
current fed into the damper’s electromagnetic coils. Applying short-time Fourier transform 
(STFT), feedback control is used to set the resonance to match any given input signal over the 
tuneable range of the device. Aside from exploring this relatively new and unconventional 
concept of variable stiffness using MR fluid, the innovative MR-based differential gearbox 
design utilised offers appreciable improvement over the alternative passive tuning modes for the 
device. 
Following this section, the remainder of the paper is organised as follows. Section 2 details the 
design, magnetic field modelling, and working mechanism of the MR-PTMD. Section 3 includes 
experimental characterisation and controller development of the device under harmonic loading. 
Section 4 then details the performance of the device in scale-building experiments under seismic 
loading. Conclusions are lastly outlined in Section 5. 
2. Design and Working Mechanism of the MR-PTMD 
2.1. MR-PTMD Structure 
With the prototype MR-PTMD design illustrated in the CAD model of Figure 1, the device has a 
frame constructed out of aluminium extrusion, housing a rotary MR damper coupled to a 
mechanical spring and hanging mass through a planetary gearbox. The pendulum mass  has a 
design weight of 1.75 kg, with its centre at a distance  of 70 mm from its rotation axis. The 
spring of the device is a compression spring used in torsion, possessing a torsional stiffness  of                   
1.67 N⋅m/rad, which is held under a slight axial pre-load to maintain constant gear-meshing 
inside the gearbox as the spring rotates. These design parameters as listed were selected under 
the assumption of a typical mass ratio of approximately 0.1 [6], as a guideline. This was 
followed by a small degree of heuristic tuning, utilising Equations 1-2 to establish an acceptable 
frequency shift range. Supporting the internal assembly are light-weight 3D printed Nylon 
supports, with the mass hanger being made similarly. 
When electric current is supplied to the internal coils of the damper, this induces a magnetic field 




damping torque produced, and hence through the differential gearbox, rotational motion of the 
mass is primarily transmitted to the free-spinning damper, rather than the torsion spring. As 
current is increased from 0 A to the full-scale range of 3 A, the damper increasingly resists 
motion transfer to its rotor, hence increasing the transmission of motion to the torsion spring. 
While this will be better elaborated on in the following sub-sections, this basic working should 
highlight that the continuous control of the MR damper can essentially add stiffness to the 
pendulum mass, thereby yielding variable resonance in the device. In contrast to the alternative 
tuning of pendulum length  to set PTMD resonance, for example through motor-driven support 
cable adjustment [27], this MR-based design: possesses a rapid response rate which is not 
influenced by the pendulum mass inertia, does not suffer a trade-off between power consumption 
and drive-system response rate, and offers a rapid transition between resonant frequencies 
without the need to gradually shift from one to another. 
 
Figure 1 – MR-PTMD prototype CAD model (dims in mm) 
2.2. Rotary MR Damper Design 
Illustrated through the CAD model of Figure 2 is the rotary MR damper which facilitates control 
of the TMD’s resonance. The damper itself is quite compact with a maximum diameter of 47 
mm and a body length of 38 mm. The MRF (MRF-140CG, produced by LORD Corp.) in the 
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Suppose then the case in which the MR damper is turned off, with zero current passing through 
the internal coils. With quite a low output torque, the damper shaft would easily rotate at an 
angle , whereas the spring would balance this torque with a small, near-zero rotation angle . 
In this case, the spring would essentially be inactive, meaning the TMD stiffness would be given 
only by the pendulum mass, with a natural frequency dependant only on the pendulum length , 
as described in Equation 1: 
 , . (1)
 On the other hand, if the damper was turned on with a high current, the large output torque 
would need to be balanced by a similarly large spring toque, meaning the spring would then be 
active, with the spring stiffness adding to that of the pendulum mass, assuming the damper to be 
relatively very stiff. This would result in a natural frequency given by the following [29], 
Equation 2: 
 , . (2)
For anywhere in between these two extremes, the amount of stiffness added by the spring would 
exist within these limiting cases, with the damper-controlled gearbox governing this amount. 
Regarding the behaviour of the planetary gearbox, not only does it allow the damper to govern 
the effective PTMD stiffness in a compact overall design, but the gear ratios between the 
elements connected also influence its operation. The ring, planet, and sun gears have the teeth 
numbers of 42, 16, and 9, respectively. From these, the gear ratios from the 
MR damper and spring relative to the pendulum mass input can be established from Equation 3: 
 , (3)
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The tests were performed at a constant displacement amplitude of 10 mm, over a frequency 
range of 1.5 Hz to 10 Hz, with the damper current incremented in 0.5 A steps from 0 A to 3 A. 
Highlighted in Figure 6, the variable resonance property of the TMD is demonstrated, with the 
device being capable of a 104% increase from the base (0 A) resonance at 2.24 Hz, to the 
maximum (3 A) resonance at 4.58 Hz. This added absorption bandwidth is a clear indication of 
an increased effectiveness over a larger frequency range, provided an appropriate control 
approach is utilised to control damper current. 
 
Figure 6 – MR-PTMD resonance shift under varied current 
3.2. Controller Design 
3.2.1. Short-time Fourier transform control algorithm 
In order to control the resonance of the MR-PTMD, short-time Fourier transform (STFT) was 
selected for its relative simplicity in implementation and its successful use reported in similarly 


































semi-active TMD’s [7, 23, 30, 31]. Through appropriate adjustment of window time, STFT can 
yield the dominant frequency of a signal in a given time-frame, from which, in this case, an 
optimal damper current can be selected such that the TMD best attenuates the input vibration for 
any frequency within its tuneable range [30]. Such analysis is governed by the following 
equations describing STFT, Equations 7-10, starting with the segmentation of the input signal 
: 
 , (7)
where  is the input signal segment,  is time, and  is a window function with a 






where  is the Fourier transform of the windowed signal, and  is angular frequency. The 
energy density spectrum, denoted by , , of this signal for a given window time  is equal to 
the square of the determined Fourier transform: 
 , | | . (9)




, d . (10)
With the dominant frequency known, a function that maps input frequency to output current for 
the MR damper within the MR-PTMD then needs to be experimentally determined for STFT to 
be implemented in this work. 
3.2.2. Experimental control-function development 
To experimentally determine the frequency-current relationship, the 5-story scale building 
constructed for later seismic protection testing was utilised. Pictured in Figure 7 is the 
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accelerations, the transmissibility was calculated for each test frequency and current. Included in 
Figure 8 are the normalised test results obtained, with the optimal control points highlighted; 
given the target is to minimise or best attenuate transmissibility of ground-level vibrations, these 
minima correspond to the optimal control currents for each test frequency. As anticipated from 
previous shaker testing, and in-line with a heuristic understanding of similar MR-based systems, 
this ideal control current shifts from 0 A to 3 A in a positive relationship with input frequency.  
These control currents, also listed in Table 1 along with their corresponding minimum 
normalised transmissibility, were then fit with a 3rd order polynomial saturating at 0 A and 3A, as 
illustrated in Figure 9. The function describing this behaviour and governing the control output 
 can be expressed using a series of if statements, Equations 11-13, to bound the polynomial 
within the saturation frequencies 2.62 Hz and 4.43 Hz: 
if 2.62	Hz, 
 0 A, (11)
else if 4.43	Hz, 
 3 A, (12)
else, 
 0.4519 4.6547 13.907 12.611 . (13)
As for the evident ‘S-bend’ in the control curve, this is typical of MR devices, primarily due to 
internal magnetic saturation, however in this case should also largely be due to the reaching of 
mechanical stiffness limits in the device. Regarding the 1.8 A optimal current determined for the 
3.4 Hz case which appears not to match the fit curve well, it is suspected that the apparent 
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3.2.3. Controller performance evaluation 
To then verify the effectiveness of the STFT controller using the developed current control 
function, the scale building was first loaded harmonically at its resonant frequency of 3.60 Hz in 
a staged test to demonstrate the rapid response-time and building-vibration decay rate of the MR-
PTMD. As evident in Figure 10, after the building was allowed to settle to a stable oscillation 
magnitude with the MR-PTMD in the passive-off (0 A) control mode, a command was sent to 
turn the TMD on to the semi-active control mode. When in this mode, STFT is applied to the 
sampled ground-level acceleration signal on-board the NI myRIO controller, using the 
established control function to output an appropriate control signal to the MR damper of the 
device. From when the device was switched on, the response showed an immediate reduction in 
magnitude, leading to a 74.1% reduction across peaks once settled, occurring at a calculated 
decay rate  of 2.35 s-1. 
 
Figure 10 – MR-PTMD semi-active response and decay rate 





























Following this were frequency sweep experiments conducted over a 1 Hz to 10 Hz range, using 
three comparable control modes: passive-off (0 A), passive-on (optimal TMD tuning at building 
resonance: 1.8 A), and semi-active control. As can be seen in Figure 11, consistent improvement 
over passive-off and passive-on tunings is demonstrated through these results in analysing the 5th 
floor transmissibility, determined using the recorded acceleration data. Where passive-off tuning 
yielded greater attenuation performance than passive-on towards lower frequencies, and the 
passive-on tuning performed better than passive-off nearby the building’s resonance at 3.60 Hz, 
the semi-active control regime offered optimal attenuation across the entire tested frequency 
range. The benefit of such control is particularly apparent around the building’s resonance, 
where a similar full-scale structure would be most vulnerable to potentially disastrous vibration. 
At best, this semi-active control led to a maximum reduction in transmissibility of 79.1% at 3.52 
Hz when compared to the passive-off case, and a maximum reduction of 53.3% at 2.80 Hz when 
compared to the passive-on case. Regarding peak transmissibility, optimal TMD tuning, i.e. 
passive-on, saw a reduction of 49.8% to a peak of 5.721 from the passive-off peak of 11.39, 
further improved to a 60.4% reduction to 4.508 in the semi-active control case. 
 




4. Scale Building Seismic Protection Testing 
Using the same experimental setup illustrated in Figure 7, seismic excitation experiments were 
conducted to evaluate the MR-PTMD’s capability to attenuate structural vibration with the scale 
building. To do so, the E-W component of the 1994 Northridge (  = 6.7) earthquake was 
selected, using a 1:4 timescale, corresponding to the scale factor used in the building 
construction. The reason this specific record was chosen is that it possesses a relatively wide 
frequency spectrum, with apparent high and low frequency segments over the 15 s duration of 
the signal, as labelled in Figure 12(a). 
Regarding the uni-directional nature of the input excitation, this serves as an underlying 
assumption for the device to function well in its existing form, similar to other seismic 
performance evaluations of conventional MR dampers [17, 33]. While in practice unpredictable 
hypocentre locations would make bi-directional TMDs more practical, for preliminary studies, 
uni-directional loading is reasonable. For this prototype design to function bi-directionally, a 
multiple TMD (MTMD) system would need to be employed [34, 35], or alternatively a 
mechanism such as a rotational base-plate could be used to target the device. In the case of the 
MTMD system using two uni-directional TMDs, however, this may not have as good attenuation 
performance as a truly bi-directional PTMD, also with additional issues arising from having 
multiple independent TMD structures. Showing this improved performance of a bi-directional 
PTMD over an MTMD system, a comparative study involving vibration suppression of a wind 
turbine was recently conducted [36]. To further improve the bi-directional performance of the 
MR-PTMD, a ‘joystick’ coupling mechanism could be utilised, with a single mass and a damper-
spring transmission for each direction. 
To evaluate the performance of the semi-active controlled TMD, as done in previous 
transmissibility tests, this was again compared to the passive-off (0 A), and passive-on (1.8 A) 
tunings. To acquire sufficient data to analyse the building response, for each control mode a 
series of five experiments were conducted, shifting the location of the response accelerometer 
and laser displacement sensor between each test. In doing so, excitation acceleration signals were 




Focussing first on the displacement response of the building, included in Figure 12(a) is the 
relative displacement of the 5th floor over the roughly 15 s duration of the time-scaled Northridge 
earthquake, showing the three control modes. Quite notably, early on in the response it is 
obvious that the passive-on tuning tends to have higher peak displacement than both the passive-
off and semi-active case. This is until about 4.3 s has elapsed and the passive-off case appears to 
have typically higher peak amplitudes than the other two control modes. This is due to the 
earthquake signal possessing a lower dominant frequency early on, eventually increasing in 
dominant frequency from about 4.3 s thereon.  
As can be seen in Figure 12(b), upon detection of this shifting dominant frequency, the STFT 
algorithm and paired control function result in a generally increasing damper control current for 
the semi-active control mode. This reflects the fact that over the 17 s run time of the tests, the 
semi-active control mode tends to possess the minimum relative displacement when compared to 
both passive control modes in the low and high frequency regions of the seismic event due to 
capability of variable resonance. It should also be noted that there is apparent clipping in the 
control signal of Figure 12(b), due to the relatively small time-window selected for use in the 
STFT algorithm. This resulted in a very rapid shift in apparent dominant frequency, and hence 
the control current adjusting the setpoint stiffness was shifted at a similarly fast rate. It has been 
suggested that such clipping may lead to exacerbated vibrations in some cases, and may be 
remedied by more complex control approaches [37], however this was not experienced in the 





Figure 12 – Northridge earthquake (a) 5th floor relative displacement time-trace, and (b) semi-
active damper control signal time-trace 
To quantify this analysis, RMS relative displacement and peak relative displacement for each 
floor have been compiled and illustrated in Figure 13 and Figure 14, respectively, with this data 
and percent reductions due to semi-active control also being included in Table 2. Evident in 
Figure 13, over the entire duration of the test runs, the passive tuning cases coincidentally 
possessed very similar RMS displacements. This is contrast to the appreciable improvement that 
can be seen in the semi-active result for all floors, being smaller in magnitude than both passive 
tuning modes in all cases. Across all floors, this is an average 12.7% reduction over the passive-
off tuning mode, and an average of 13.0% reduction over the passive-on tuning mode. Similarly, 
Figure 14 shows the semi-active control mode to yield the optimal result, however due to more 





























apparent variation in peak values of displacement rather than the averaged RMS values, by no 
coincidence the results are not as uniform across floors. 
 
Figure 13 – Northridge earthquake RMS relative displacement response 
 





Table 2 – Experimental relative displacement seismic response data 










1 0.325 0.329 0.276 15.2% 16.3% 
2 1.255 1.231 1.153 8.10% 6.30% 
3 1.844 1.852 1.584 14.1% 14.5% 
4 2.401 2.414 2.065 14.0% 14.4% 
5 2.687 2.736 2.364 12.0% 13.6% 
 Peak displacement (mm) 
1 1.451 1.540 1.422 2.01% 7.61% 
2 5.777 6.882 5.310 8.08% 22.8% 
3 9.347 8.333 8.118 13.2% 2.58% 
4 12.64 11.22 10.61 16.1% 5.42% 
5 12.62 13.33 11.63 7.90% 12.8% 
As additional metrics to evaluate the performance of the MR-PTMD, the peak interstory drift 
ratio (IDR) of the scale building under the seismic loading, as well as the peak acceleration 
response have been analysed. The peak interstory drift ratio is taken as the peak interstory 
drift, i.e. the difference in relative displacement between two consecutive floors, divided by 
the spacing between them [38]. This serves as an important qualifier as to the harmfulness of 
relative motion between building floors, and as such has been plotted in Figure 15, with the 
data tabulated in Table 3. Note for percentage reductions due to semi-active control included 
in Table 3, negative values indicate the semi-active case to possess the larger value in the 
comparison. For all but two floors, floors 3 and 4, it can be seen that the semi-active control 
mode has an IDR lower in magnitude than the passive-on tuning, tracking closely with the 
passive-off tuning. Where the semi-active control mode appears to struggle to improve IDR 
around the middle of the building, along with the passive-off case, this is likely a 
consequence of improved suppression of the 5th floor’s motion where the MR-PTMD is 
affixed, exaggerating another harmonic vibration mode. This may suggest that employing 
another TMD system at the mid floor of the building, or an alternative control approach may 




Taking the maximum calculated IDR, found in floor 2 for the passive-on tuning as a point of 
comparison, the semi-active control mode resulted in a reduced maximum IDR by 8.27%, albeit 
then occurring upon floor 3. In comparison to the passive-off tuning mode to which the semi-
active control mode yields a similar result. While no appreciable difference is observed in terms 
of IDR, it should be reiterated that the semi-active case maintains a substantially lower 
displacement response and peak transmissibility, making it more versatile in managing 
unpredictable seismic activity. 
 
Figure 15 – Northridge earthquake peak interstory drift ratio 
Table 3 – Experimental scale building interstory drift ratio under seismic loading 










1 11.52 12.21 9.065 21.3% 25.8% 
2 24.13 30.77 23.84 1.24% 22.5% 
3 28.32 19.55 28.23 0.32% -44.4% 
4 18.84 17.74 18.67 0.92% -5.26% 
5 13.77 19.99 14.93 -8.45% 25.3% 
Regarding inertial effects felt by the structure, the peak acceleration for each floor is reported in 




results in reduced peak accelerations between the three modes tested, with a reduction of as 
much as 33.5% for the 5th floor when compared to the passive-off tuning mode. The most 
notable exception to this, however, is for the 2nd floor in which is the semi-active peak 
acceleration is 13.5% larger than the minimum of 0.928 g obtained under the passive-off tuning 
mode, which again may be a result of induced harmonic vibration modes. Although, this is not 
the absolute maximum peak acceleration, with the overall maximum being 1.092 g, resulting 
from the passive-on tuning occurring in floor 3, in which case the semi-active mode produces a 
3.58% smaller maximum floor acceleration. 
 
Figure 16 – Northridge earthquake peak acceleration response 
Table 4 – Experimental peak acceleration seismic response data 










1 0.577 0.566 0.586 -1.51% -3.49% 
2 0.928 0.934 1.053 -13.5% -12.7% 
3 0.936 1.092 0.951 -1.65% 12.9% 
4 0.565 0.543 0.467 17.4% 14.2% 






A novel MR-damper-controlled variable resonance pendulum tuned mass damper, the MR-
PTMD, was designed, modelled, and tested in its ability to supress seismic vibrations in a scale 
5-story building. Through frequency sweep testing, the device was shown to be capable of a 104% 
increase in resonant frequency. Later, utilising a semi-active STFT control scheme, the device 
demonstrated a reduction of 79.1% and a reduction of 53.3% in ground-vibration transmissibility 
when compared to passive-off and passive-on tuning modes, respectively. When using the same 
semi-active control scheme in seismic loading experiments with the 1994 Northridge earthquake, 
the MR-PTMD was demonstrated to perform generally better than both the passive-off and 
passive-on control modes in attenuating building motion, particularly in terms of RMS relative 
displacement wherein average reductions of 12.7% over the passive-off tuning mode and 13.0% 
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